Regulation of Class I MHC Gene Expression in the Developing and Mature CNS by Neural Activity  by Corriveau, Roderick A et al.
Neuron, Vol. 21, 505±520, September, 1998, Copyright 1998 by Cell Press
Regulation of Class I MHC Gene Expression
in the Developing and Mature CNS
by Neural Activity
the retinal ganglion cells in the two eyes to LGN neurons
(Mooney et al., 1996). Blockade of this activity by means
of intracranial infusion of tetrodotoxin (TTX), a blocker
of sodium-dependent action potentials, prevents eye-
specific layer formation; ganglion cell axons from each
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eye maintain and grow branches in regions of the LGNUniversity of California
that normally become connected exclusively with theBerkeley, California 94720
other eye (Shatz and Stryker, 1988; Sretavan etal., 1988).
These effects of action potential blockade are thought
to be quite specific, because most other aspects ofSummary
neural development are unchanged, such as cell migra-
tion, dendriticbranching of LGN neurons, axon pathfind-To elucidate molecular mechanisms underlying activ-
ing, and initial synapse formation (Schmidt et al., 1983;ity-dependent synaptic remodeling in the developing
Shatz and Stryker, 1988; Goodman and Shatz, 1993;mammalian visual system, we screened for genes
Dalva et al., 1994). In addition, direct blockade of retinalwhose expression in the lateral geniculate nucleus
waves by intraocular application of nicotinic acetylcho-
(LGN) is regulated by spontaneously generated action
line receptor (nAChR) blockers prevents eye-specific
potentials present prior to vision. Activity blockade did layer formation in the developing LGN (Penn et al., 1998),
not alter expression in the LGN of 32 known genes. further demonstrating the essential role of spontaneous
Differential mRNA display, however, revealed a de- retinal activity in the formation of the adult pattern of
crease in mRNAs encoding class I major histocompat- connectivity during visual system development.
ibility complex antigens (class I MHC). Postnatally, vi- Studies of synaptic plasticity in the mature CNS have
sually driven activity can regulate class I MHC in the demonstrated that changes in gene expression are re-
LGN during the final remodeling of retinal ganglion cell quired for consolidation of long-lasting changes in syn-
axon terminals. Moreover, in themature hippocampus, aptic strength (Frank and Greenberg, 1994; Nguyen et
class I MHC mRNA levels are increased by kainic acid± al., 1994; Tully, 1997), and that alterations in neural activ-
induced seizures. Normal expression of class I MHC ity can have a profound effect on gene expression (Wor-
mRNA is correlated with times and regions of synaptic ley et al., 1990; Nedivi et al., 1993; Yamagata et al.,
plasticity, and immunohistochemistry confirms that 1994a, 1994b). To identify molecular components of the
class I MHC is present in specific subsets of CNS activity-dependent process that leads to the formation
neurons. Finally, b2-microglobulin, a cosubunit of class of precise neural circuitry, we have screened for genes
I MHC, and CD3z, a component of a receptor com- that are regulated by endogenous action potential activ-
ity in the developing mammalian retinogeniculate path-plex for class I MHC, are also expressed by CNS neu-
way. Action potentials were blocked by intracranial infu-rons. These observations indicate that class I MHC
sion of TTX via implanted osmotic minipumps duringmolecules, classically thought to mediate cell±cell in-
the period when eye-specific layers would normally formteractions exclusively in immune function, may play a
in the LGN. Two parallel strategies for identifying mRNAsnovel role in neuronal signaling and activity-depen-
regulated by electrical activity were used. In the first,dent changes in synaptic connectivity.
expression in the LGN of 32 known activity-regulated
and/or synaptic genes was compared in the presenceIntroduction
and absence of action potential activity. In the second
strategy, gene expression in the two conditions wasIn the visual system of higher mammals, inputs from the
compared by using a random sampling method for dif-two eyes are strictly segregated from each other into
ferential cloning, differential mRNA display.layers within the lateral geniculate nucleus (LGN) and
Surprisingly, none of the known mRNAs tested wereinto ocular dominance columns within the primary visual
altered significantly in the LGN upon 10 days of activitycortex. Early in development, however, neither LGN lay-
blockade. Differential mRNAdisplay, however, identified
ers nor cortical columns are present. They emerge from
an mRNA that is downregulated by activity blockade.
connections that are initially intermixed as individual
This clone is identical to a previously characterized
axons remodel their arbors. This remodeling process is cDNA that encodes a class I MHC antigen. The spatio-
thought to involve an activity-dependent synaptic com- temporal pattern of class I MHC mRNA expression in
petition mediated by endogenously generated activity the CNS parallels both activity-dependent visual system
early on and by visually driven activity at later times development and adult forms of synaptic plasticity in
(Stryker and Harris, 1986; Shatz, 1990; Meister et al., the hippocampus. In situ hybridization and immunocyto-
1991; Goodman and Shatz, 1993; Feller et al., 1996; Katz chemistry demonstrated that class I MHC mRNA and
and Shatz, 1996; Crair et al., 1998; Penn et al., 1998). immunoreactivity are present in select subsets of neu-
During the formation of eye-specific layers in the LGN, rons within the CNS. Finally, increased neural activity
spontaneous waves of action potentials are relayed from upregulates class I MHC mRNA levels in the mature
hippocampus and neocortex following kainic acid±
induced seizures. The results strongly implicate class I*These authors contributed equally to this work.
²To whom correspondence should be addressed. MHC in neuronal signaling in vivo.
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Results
Results are presented in five sections. In the first, gene
expression in the fetal cat LGN was monitored following
a 10 day intracranial minipump infusion of TTX. This
treatment (E42±E52; gestation is 65 days) prevents reti-
nal ganglion cell axons from the two eyes from segregat-
ing into eye-specific layers (Shatz and Stryker, 1988;
Sretavan et al., 1988). Known genes, as well as clones
derived by differential mRNA display analysis, were ex-
amined. These experiments illustrate that class I MHC
mRNAs are regulated by neural activity in the developing
LGN. In the second section, the spatiotemporal expres-
sion pattern of class I MHC mRNA is examined during
cat visual system development, and we investigate
whether class I MHC can be locally regulated within
appropriate LGN layers following postnatal monocular
blockade of visual activity. In the third section, CNS
expression of CD3z, a receptor component for class I
MHC in immune system function, is described. In the
fourth section, we demonstrate that class I MHC, b2-
microglobulin, and CD3z mRNAs, as well as class I MHC
immunoreactivity, are present in neurons in the CNS.
Finally, a kainic acid±induced seizure paradigm is used
to determine the effect of increased neural activity upon
class I MHC mRNA expression in the mature rodent CNS.
Screen for Genes Regulated by Endogenous
Neural Activity: Known Genes
During the activity-dependent synaptic remodeling that
results in eye-specific layers in the LGN, retinogenic-
ulate synapses can undergo sustained increases in
Figure 1. Effect of In Vivo Action Potential Blockade on Expressionstrength in a manner that closely parallels hippocampal
of Known Genes and Differential mRNA Display ClonesLTP (Mooney et al., 1993). We initially hypothesized that
For multiplex dot blot analyses, duplicate filters were probed withgenes encoding synaptic proteins or genes already
radiolabeled first-strand cDNA probes derived by using total RNA
known to be regulated by neuronal activity in the adult from either 10 day vehicle- (CIT) or TTX-treated (TTX) E52 cat LGN.
hippocampus might be similarly regulated by endoge- (A) Known genes. Dot blots contained gel-purified inserts from a
nous action potential activityduring visual system devel- series of previously cloned cDNAs (see Experimental Procedures).
The RZRb clone (coordinate B7) serves as a negative control. Gridopment. Radiolabeled first-strand cDNA probes were
coordinates correspond to the following cDNAs. A1±A8: nAChR a2,prepared by using total RNA from TTX- or control vehi-
nAChR a3, nAChR a7, nAChR b2, rabphilin-3A, agrin, n-sec1, andcle-treated E52 LGNs. These probes were hybridized to
synaptotagmin 1; B1±B8: syntaxin 1a, syntaxin 1b, VAMP1, VAMP2,
duplicate dot blots prepared with a panel of known SNAP-25, GAP-43, RZRb, and Egr3; C1±C8: zif268, GluR1, GluR2,
cDNAs encoding synaptic vesicle proteins (e.g., SNAP- GluR3, GluR5, GluR6, GluR7, and NMDAR1-1a; D1±D8: NMDAR2A,
25, syntaxin 1a, and rabphilin-3A), neurotransmitter- NMDAR2B, NMDAR2C, NMDAR2D,KA1, KA2, GluR d1, and GluR d2.
(B) Differential display clones. A representativedot blot set is shown.gated ion channel subunits (e.g., for nicotinic and gluta-
Clone C153 is at coordinate H-4 (arrowheads); coordinate E-1 con-matergic receptors), and transcription factors (e.g.,
tains a vector-derived PCR product as a negative control.zif268; see Figure 1 for entire list). This multiplex dot
blot method of gene expression±monitoring is a sensi-
tive assay that requires only small amounts of RNA (see appears that the mRNAs selected here, although detect-
able by using this analysis, are not regulated signifi-Experimental Procedures) and is therefore an ideal
means of assaying the expression of multiple genes cantly by the endogenous activity present within the
retina and LGN during the period of eye-specific layersimultaneously.
While a number of these genes are clearly expressed formation.
at high levels in the LGN at this early period of develop-
ment (e.g., syntaxin 1a [B1], GAP-43 [B6], NMDAR2D Screen for Genes Regulated by Endogenous
Neural Activity: Differential mRNA Display[D4]; Figure 1A), little if any change in expression could
be detected in any of these genes following 10 days of To identify any genes, known or novel, whose level of
expression is altered by activity blockade, RNA fromaction potential blockade. Although the multiplex dot
blot technique does not allow optimization for each indi- controlor TTX-treated LGNs was analyzed by differential
mRNA display (Liang and Pardee, 1992). Secondaryvidual known gene, signal was nevertheless detected
for most of the clones (except for GluR2 [C3] and RZRb screening of the resulting cDNA clones by dot blot analy-
sis identified a 128 nucleotide candidate, C153, whose[B7], which were not detected by this assay). It therefore
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expression is significantly higher in control than in TTX-
treated LGNs (clone H-4; Figure 1B). Moreover, in situ
hybridization on sections of E52 brains confirmed that
C153 mRNA is highly expressed in the LGN and is signifi-
cantly downregulated by activity blockade (n 5 10 ani-
mals, 2 citrate/TTX and 3 unmanipulated/TTX pair com-
parisons; Figure 2B).
The sequence of C153 is identical to a portion of the
39 untranslated region of a previously cloned class I
MHC cDNA, feline leukocyte antigen X10 (FLAX10; Yuhki
and O'Brien, 1994). To verify that C153 expression in-
deed reflects that of class I MHC, two additional non-
overlapping class I MHC cDNA clones, A1±2 and A2±3
(Figure 2A), were hybridized to TTX-treated or control
E52 brain sections (Figure 2B). The pattern of hybridiza-
tion for all three clones is essentially identical; high levels
of expression are present in the LGN, in other selected
regions of the posterior±dorsal thalamus (e.g., medial
geniculate nucleus [MGN]), and in the ventricular zone
of the developing telencephalon. Moreover, expression
as detected by all three probes is significantly dimin-
ished in the LGN following TTX treatment between E42
and E52. This TTX-mediated reduction in expression
occurs also in other regions of the thalamus (e.g., MGN),
as might be expected, since the TTX is delivered intra-
ventricularly (see Experimental Procedures) and should
block all sodium-dependent action potentials. These ob-
servations demonstrate that class I MHC mRNA is nor-
mally expressed in the developing LGN, and that it can
be regulated in vivo in multiple areas of the thalamus
by endogenously generated action potential activity.
Since class I MHC molecules are encoded by a large
and highly homologous gene family (20±30 genes in cat;
Yuhki and O'Brien, 1988), the dot blot and in situ hybrid-
ization signals may reflect expression of more than one
class I MHC gene. To determine quantitatively the de-
Figure 2. Regulation of Class I MHC mRNA in the LGN by Neuralgree of regulation in the LGN by activity blockade and
Activity during the Period of Eye-Specific Layer Formationto establish whether our findings reflect the contribution
(A) Schematic of class I MHC cDNA (numbering from FLAX10, Gen-of multiple class I MHC genes, RNase protection analy-
Bank accession number U07673). Coding regions are indicated bysis was performed (Figure 3). RNA from control or TTX-
boxes. Probes used in this study are indicated. Abbreviations: S,
treated LGN was analyzed with a C153 antisense probe. signal sequence; a1, a2, and a3, extracellular Ig domains; Tm, trans-
The abundance of C153 signal in TTX-treated LGN RNA membrane region; and Cy, cytoplasmic domain.
was significantly reduced relative to citrate controls (B) In situ hybridization using three nonoverlapping class I MHC
probes (A1±2, A2±3, C153) demonstrates a reduction in class I MHC(1.42 6 0.16 SEM, p 5 0.012 by one-tailed paired Stu-
mRNA abundance in the LGN when action potentials are blockeddent's t test; n 5 10 citrate/TTX littermate pairs; Figure
by intracranial infusion of TTX between E42 and E52. Probes were3A). Similar results were obtained with A2±3 probe (data
hybridized to unmanipulated (control) or TTX-treated E52 cat brain
not shown). Because class I MHC is constitutively ex- tissue (horizontal sections, anterior [A] and medial [M], are indicated
pressed by nonneuronal tissues (including blood), and by arrows in A1±2, TTX). Sections were coated with emulsion and
because blood-derived components are coisolated with photographed under darkfield optics; silver grains appear white.
Hybridization to vehicle-treated sections (data not shown) was simi-the LGN during tissue dissection and RNA extraction,
lar to that of unmanipulated controls (see also Figure 3). Abbrevia-the degree of differential expression observed by this
tions: TTX, tetrodotoxin; lgn, lateral geniculate nucleus; mgn, medialanalysis may in fact underestimate the actual magnitude
geniculate nucleus; H, hippocampus; and vz, ventricular zone. Scaleof downregulation by action potential blockade. Never-
bar, 1.5 mm.
theless, the RNase protections confirm quantitatively
the findings obtained by dot blot and in situ hybridization
or the FLA-B/X subclasses (TM-A, TM-BX; see Figureanalyses; in addition, they underscore that class I MHC
2A and Experimental Procedures), as demonstrated inexpression is present normally in the LGN.
control experiments using in vitro transcribed senseThe feline class I MHC cDNAs that have been cloned
RNAs (Figure 3B). Both TM-A and TM-BX probes yieldto date fall into three subclasses: FLA-A, FLA-B, and
specific signal in the LGN (Figure 3C) and in other re-FLA-X. Subclass assignments are based upon compari-
gions of the brain (e.g., the E52 visual cortex and retina;sons of transmembrane and cytoplasmic domain se-
data not shown). In addition, the majority of littermatequences (Yuhki and O'Brien, 1990, 1994). Riboprobes
were designed to detect specifically either the FLA-A comparisons for either of these probes exhibited lower
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circuitry in the mammalian CNS (Sherman and Spear,
1982; Shatz, 1990; Katz and Shatz, 1996). We therefore
sought to determine whether the spatiotemporal ex-
pression of class I MHC mRNA coincides with known
periods of developmental synaptic plasticity in the LGN
and primary visual cortex. In situ hybridization was car-
ried out on a series of sections at ages bracketing the
development of eye-specific layers in the LGN and ocu-
lar dominance columns in the primary visual cortex. As
illustrated in Figure 4, class I MHC mRNA expression is
dynamically regulated during development and is corre-
lated with times and regions of synaptic plasticity.
Within the LGN, modest signal was detected before
the onset of eye-specific layer formation (E43). mRNA
levels are high during the formation of eye-specific lay-
ers (E52: layers form from E45±E62; Shatz, 1983), reach
a maximum by postnatal day 10 (P10), and decline there-
after to lower but still detectable levels (Figure 4A). Class
I MHC is also expressed in the primary visual cortex
(Figure 4B). Prenatally, there are very high levels in the
ventricular zone (E43±P0; Figure 4B), which contains
progenitor cells undergoing mitosis and disappears by
about P0 (Luskin and Shatz, 1985). In the cortical plate,
levels are low prenatally, rise significantly during ocular
dominance column formation (P40: columns form from
P20±P60; LeVay et al., 1978), and are maintained at P91
in a striking band in layer 4 of the primary visual cortex.
Not every retinorecipient structure expresses class I
MHC. For example, little if any signal could be detected
in the superior colliculus at any age examined (Figure
4A for P91, Figure 4B for E52; data not shown for other
Figure 3. Quantitative Analysis of Class I MHC mRNA Regulation
ages). In addition, expression is evident in a numberby Neural Activity in the LGN
of nonvisual brain regions, including laterally locatedRNase protection of unmanipulated (UNM), TTX-treated (TTX), and
thalamic nuclei other than the LGN (Figures 2 and 4A),citrate vehicle-treated (CIT) cat LGN RNA at E52, using radiolabeled
as well as the substantia nigra in the brainstem (P91;riboprobes to class I MHC (C153, TM-A, TM-BX) and the loading
control, GAPDH). Data from two sets of littermates (LGN#1, LGN#2) Figure 4A). Finally, and significantly in terms of synaptic
are presented. Protected species (indicated at left) were absent plasticity, class I MHC mRNA expression is robust in
when yeast tRNA was analyzed (tRNA). In (B) and (C), aliquots of the CA1 and CA3 regions of the hippocampus. However,
undigested probes were run at right. The positions of DNA molecular
unlike in the LGN, the onset of hippocampal expressionweight markers (pBR322 digested with MspI) are indicated at the
begins postnatally (P10; Figure 4A) and is maintained atright of each panel. Undigested riboprobes run more slowly than
relatively high levels at all subsequent ages examinedprotected species, owing to the presence of vector polylinker se-
quences that are removed upon RNase digestion. (P91; Figure 4A). Therefore, class I MHC mRNA expres-
(A) C153 mRNA levels were reduced by TTX treatment between E42 sion overlaps with periods of eye-specific layer forma-
and E52 (lanes 2 and 5), compared with control littermates (lanes tion in the LGN, ocular dominance column formation
1, 3, and 4).
in the visual cortex, and adult forms of hippocampal(B) Specific detection of class I MHC subclasses. Riboprobes con-
synaptic plasticity. This expression pattern suggests ataining transmembrane sequences of either FLA-A (TM-A) or FLA-
novel role for class I MHC molecules in activity-depen-B/X (TM-BX; see Experimental Procedures and Figure 2A) were
protected with 5 pg unlabeled TM-A or TM-BX sense transcripts. dent synaptic changes.
Protection occurred only when riboprobes were hybridizedwith their
own sense RNAs (compare lane 6 with lane 7 and lane 8 with lane 9).
(C) Regulation of class I MHC mRNA subclasses by neural activity Regulation of Class I MHC mRNA
blockade. LGN RNAs were analyzed with TM-BX (lanes 10±14) or
in the Postnatal LGNTM-A (lanes 15±19).
In the cat visual system, there is a critical postnatal
developmental period (P20±P60) when the connections
representing each eye within layer 4 of the visual cortexsignal in TTX-treated than in control LGN (Figure 3C).
These results demonstrate that different subclasses of are acutely susceptible to the effects of an imbalance
in visual input; monocular eye suture during this timeclass I MHC genes are expressed in the developing
brain and suggest that more than one subclass can be results in a loss of inputs to the cortex from the deprived
eye (Hubel and Wiesel, 1970; Blakemore and Van Sluy-downregulated by activity blockade.
ters, 1974). This critical period occurs during and just
after the time when LGN axons representing each eyeDevelopmental Expression of Class I MHC
mRNA in the Feline CNS segregate into cortical ocular dominance columns (LeVay
et al., 1978) and during the final phases of retinal gan-The cat visual system has served as a classic model for
studying activity-dependent development of synaptic glion cell axon remodeling (according to X- and Y-cell
Activity-Regulated Class I MHC in the CNS
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Figure 5. Layer-Specific Regulation of Class I MHC mRNA within
the LGN following Postnatal Monocular Activity Blockade
(A) Autoradiograph (shown in darkfield optics) of an in situ hybridiza-
tion with A1±2 probe, performed on a coronal section of the LGN
ipsilateral to the blocked eye from an animal that underwent 10 days
of monocular TTX treatment from P38±P48.
(B) Immediately adjacent cresyl violet±stained section. Layers A
(active) and A1 (activity-blocked) are indicated. Medial is to the right;
dorsal is up. Scale bar, 1 mm.
type) within the LGN after eye-specific layer formation
(Sur et al., 1984). Therefore, we asked whether class I
MHC mRNA in the LGN could be regulated by blockade
of visually driven activity at these older ages. TTX was
injected monocularly from P38±P48; the expression of
class I MHC mRNA was then examined by in situ hybrid-
ization on sections containing the LGN ipsilateral to the
blocked eye. As shown in Figure 5A, 10 days of monocu-
lar blockade specifically reduces class I MHC mRNA
in the LGN layers that normally receive input from the
blocked eye (e.g., layer A1), while expression levels in
the layers receiving input from the unblocked eye (e.g.,
layer A) remain high. (Complementary results are ob-
tained in the LGN contralateral to the eye injection; data
not shown.) It should be noted that monocular blockade
at this time in development results in a well-character-
Figure 4. Spatiotemporal Regulation of Class I MHC Expression ized shrinkage of LGN neurons in the deprived eye lay-
during Feline Development ers, owing to the activity-dependent competition be-
In situ hybridization results (obtained with probe C153) are pre- tween LGN axons representing the two eyes for layer 4
sented at ages indicated (upper left of each darkfield image). (A) cortical neurons (Guillery 1972, 1973; Figure 5B). How-
Lateral geniculate nucleus (lgn, arrowhead) and hippocampus (H,
ever, the expression of CPG15, a gene identified basedarrow). Darkfield photomicrographs are mirror imaged to Nissl-
on neural induction with kainic acid hippocampal sei-stained adjacent sections (E43±P0: horizontal sections, anterior [A]
zures (Nedivi et al., 1993), is only modestly decreasedand lateral [L], are indicated by arrows; P10±P91: coronal sections,
dorsal [D] and lateral [L], are indicated). Abbreviations: sc, superior in the same experiment (R. C., C. S., and E. Nedivi,
colliculus; asterisk, substantia nigra. Scale bar, 2 mm. unpublished data). Thus, cell shrinkage is unlikely to
(B) Visual cortex. Darkfield images of horizontal sections from cere- entirely account for the dramatic regulation of class I
bral cortex (anterior [A] and medial [M] are indicated; visual cortex
MHC. In sum, the results of this experiment demonstrateis medial and posteromedial on each section). Cortical plate is de-
that class I MHC mRNA can be selectively and locallylimited by arrowheads. Abbreviation: vz, ventricular zone. Scale bar,
3 mm. regulated by activity within an eye-specific layer.
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Figure 6. Expression of CD3z mRNA in the
Feline LGN
Darkfield panels illustrate in situ hybridization
results, using a cat CD3z riboprobe, onprena-
tal (A) or postnatal (B) cat thalamus. Scale
bars, 1 mm.
(A) Horizontal sections at E52, either after 10
days of TTX minipump infusion (E52-TTX) or
in an unmanipulated littermate (E52-UNM). A
sense control onunmanipulated tissue is also
shown (E52-Sense). Medial is to the right; an-
terior is up.
(B) Coronal sections at P40 (upper) or P91
(lower). At P91, the plane of section through
LGN layers also includes white matter of the
thalamocortical radiations (TR). Medial is
right; dorsal is up.
CD3z, a Class I MHC Receptor Component, further motivated to examine whether CD3z is present
in the developing CNS and expressed by neurons. TheIs Expressed in the CNS
The patterns of expression and regulation by activity of feline homolog of CD3z was cloned, and high levels of
CD3z mRNA were found in the LGN both prenatally andclass I MHC in the developing CNS suggest that neurons
may use this family of molecules in a novel way to trans- postnatally (Figure 6). At E52, CD3z mRNA is expressed
in the LGN and other nuclei of the dorsal thalamus.mit developmental signals. One prediction that arises
from this hypothesis is that class I MHC receptors are However, unlike class I MHC, CD3z is not regulated by
blockade of action potentials with TTX between E42 andalso expressed in the CNS. In the immune system, cyto-
toxic T lymphocytes recognize class I MHC (in associa- E52 (Figure 6A). At P40 and P91,CD3z mRNA expression
is readily evident in the LGN (Figure 6B; in fact, CD3ztion with specific peptide antigens) via theT cell receptor
complex (TCR), in conjunction with CD8 (Weiss and Litt- expression is relatively high throughout the thalamus).
In the hippocampus, a modest but detectable level ofman, 1994). This complex includes an ab or gd T cell
receptor heterodimer, invariant CD3 chains (g, d, e), and CD3z mRNA is also evident. These observations indicate
that CD3z is present in the developing CNS and coulda subunit known as zeta (z, or CD3z; reviewed by Chan
et al., 1994). CD3z, in particular, is thought to play a key participate in signal transduction via class I MHC (see
Discussion).role in initiating signal transduction events that lead to
changes in the activity of intracellular protein tyrosine
kinases, such as Lck and Fyn (Chan et al., 1994). CD3z
has also been shown to be associated with other recep- Expression of Class I MHC mRNA and Protein
in Neuronstors that recognize class I MHC, such as the p58 family
of killer inhibitory receptors (KIRs) expressed on natural It was somewhat surprising to observe class I MHC
and CD3z mRNA in the mammalian CNS, particularlykiller cells of the immune system (Bottino et al., 1994).
Because CD3z is a subunit common to a variety of because of the prevalent view that class I antigens are
not normally expressed by CNS neurons in vivo (Lamp-class I MHC±recognizing receptors, it is a good candi-
date to examine here in the context of neuronal develop- son, 1987, 1995), and because neuronal expression of
CD3z has not been previously reported. Therefore, itment. Furthermore, upon TCR activation, CD3z is phos-
phorylated by the src tyrosine kinase Fyn (Chan et al., was important to determine whether these molecules
are expressed in neurons. In addition, a model in which1994). Since Fyn has also been implicated in hippocam-
pal LTP (Grant et al., 1992; Kojima et al., 1997), we were class I MHC functions in neuronal interactions via a
Activity-Regulated Class I MHC in the CNS
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Figure 7. Neuronal Expression of Class I
MHC, b2-m, and CD3z mRNA
In situ hybridization with probes correspond-
ing to C153 (A, B, C, and D), b2-m (E, F, G,
and H), or CD3z ([I] and [J]) was performed
as in previous figures, except that after auto-
radiographic processing, the sections were
stained with cresyl violet, which, under these
conditions, reveals nuclei and in some cases
rough endoplasmic reticulum (e.g., [D]: faint
purple halo surrounding nucleus). Neuronal
nuclei (arrows) are generally larger and stain
more lightly with cresyl violet than nonneu-
ronal nuclei (arrowheads). Sense controls for
each probe yielded only background levels
of silver grains; examples from the LGN are
shown ([A], [E], and [I]). Photomicrographs
are in brightfield optics (silver grains appear
black). (A), (B), (E), and (F), P10 LGN; (I) and
(J), P40 LGN; (C) and (G), layer 4 of P91 pri-
mary visual cortex; (D) and (H), CA1 region of
P10 hippocampus. Scale bar in (J), 40 mm.
receptor complex containing CD3z would require ex- protein: OX-18 and F16±4±4. In contrast to the very
broad spectrum recognition of the riboprobe describedpression of these genes in the appropriate neurons. We
also examined if mRNA encoding the class I MHC± above, OX-18 and F16±4±4 are thought to recognize
more restricted subsets of class I MHC antigens (Spen-associated subunit b2-microglobulin (b2-m) is present,
since b2-m is required for functional cell surface expres- cer and Fabre, 1987b). Class I MHC immunoreactivity
is specifically detected by OX-18 and F16±4±4 in thesion of many class I MHC molecules (Arce-Gomez et
al., 1978; Ploegh et al., 1979; for exceptions, see Potter primary somatosensory cortex by immunohistochemis-
try (Figures 8A and 8C). Moreover, the distribution ofet al., 1984; Allen et al., 1986). Inspection under high
magnification demonstrates that many neurons in the staining on tissue sections is very similar to that ob-
served for class I MHC mRNA (Figure 8A). The morphol-photomicrographs, including LGN neurons (Figures 7B
and 7F), layer 4 neurons in the primary visual cortex ogy of many of the immunostained cells is clearly neu-
ronal in character; apical and basal dendrites of many(Figures 7C and 7G), and hippocampal pyramidal neu-
rons (Figures 7D and 7H) have numerous associated pyramidal neurons are stained (Figure 8C). Immunoblot
analysis of membrane preparations from rat primary so-silver grains when hybridized with class I MHC or a b2-m
probe. In addition, CD3z is also expressed in neurons matosensory cortex confirms that OX-18 recognizes a
major band of a size expected for class I MHC (Figureof the LGN (Figure 7J). Thus, neurons can express both
the ligand and a component of a receptor mediating 8B). Immunoreactivity is also present in the hippocam-
pus, again with a distribution similar to that of class Iclass I MHC signaling.
To address directly whether class I MHC protein is mRNA (Figure 8D). These findings indicate that class I
MHC mRNA and protein are normally present in specificpresent in neurons, an immunohistochemical approach
was taken. Because well-characterized anti-cat class I subsets of neurons in the CNS. Together with the obser-
vation that b2-m mRNA is also present (Figures 7 andMHC antibodies are not available, protein expression
was examined in the rat. In particular, we focused on the 9), the results strongly suggest that class I MHC mole-
cules are on the neuronal cell surface, where they couldhippocampus and the primary somatosensory cortex
(which, like the visual cortex in cat, contains highly pat- function to transduce signals within the mammalian CNS.
terned sensory thalamic inputs). First, we verified that
class I MHC mRNA is present in the normal rat CNS. A Regulation of Class I MHC by
Kainate-Induced SeizurescDNA probe was generated that contains sequences
highly conserved among known rat class I genes; conse- The finding that class I MHC mRNA is present at high
levels in the hippocampus, a structure known to exhibitquently, this probe is capable of detecting a wide variety
of rodent class I MHC mRNAs. In situ hybridization on activity-dependent synaptic plasticity, leads to the ques-
tion of whether changes in neural activity can regulaterat sections confirmed that class I mRNA is indeed ex-
pressed by neurons in the primary somatosensory cor- class I mRNA expression not only in the LGN during
development but also in mature hippocampal neurons.tex (Figures 8A and 8C), as well as in the hippocampus
(Figure 8D). Therefore, as in cat, class I mRNA is present We used a manipulation, kainic acid±induced seizures,
known to increase dramatically the activity of adult hip-in subsets of CNS neurons in rat.
To establish whether class I MHC mRNA in CNS neu- pocampal and cortical neurons. Seizures increase the
expression of a number of genes, including growth fac-rons is translated into detectable protein, we used two
monoclonal antibodies known to recognize class I MHC tors and proteins associated with the synapse (Gall et
Neuron
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Figure 8. Class I MHC mRNA and Immunore-
activity in the Rodent CNS
(A) In situ hybridization and immunohisto-
chemical analysis of P22 rat somatosensory
cortex. In situ hybridization was carried out
by using a rat class I MHC probe (panel RNA,
darkfield optics); immunohistochemistry was
carried out using either of two mouse anti-
rat monoclonalantibodies, OX-18 or F16±4±4,
or mouse IgG as a negative control. Cortical
layers are indicated at right; pial surface is
up. Scale bar, 100 mm.
(B) OX-18 or mouse IgG were used to probe
Western blots of P53 rat primary somatosen-
sory cortex membrane preparations. Sizes of
molecular weight markers (indicated at right)
are as follows: 97.4, 66, 45, and 31 kDa. Ar-
rowhead indicates position of class I MHC
signal.
(C) Class I MHC expression in layer 5 pyra-
midal neurons of P81 rat somatosensory cor-
tex. Following in situ hybridization, sections
were counterstained with cresyl violet (upper
panel, viewed in brightfield optics). For immu-
nostaining, the OX-18 antibody was used
(lower panel, viewed in Nomarski optics). Pial
surface is up. Scale bar, 20 mm.
(D) Class I MHC mRNA expression (darkfield)
and immunoreactivity (F16±4±4) in dentate
granule and CA1/CA3pyramidal cells in coro-
nal sections of P22 rat hippocampus. Medial
is left; dorsal is up. Scale bar, 400 mm.
al., 1990; Zafra et al., 1990; Isackson et al., 1991; Dugich- experiments demonstrate that class I MHC, in addition
to being regulated by natural levels of activity in theDjordjevic et al., 1992; Nedivi et al., 1993; Yamagata et
al., 1994a; Brakeman et al., 1997). visual system, can also be upregulated significantly by
seizure-induced increases in neural activity both in theNine hours after a single subcutaneous injection of
kainic acid, class I MHC mRNA expression was in- hippocampus and in superficial layers of neocortex in
the adult.creased dramatically in the dentate gyrus of the hippo-
campus. This increase in expression occurs within the
granule neurons of the dentate gyrus. Class I MHC ex- Discussion
pression was also elevated in the superficial layers in
broad areas of the neocortex (Figure 9). The electrical activity of neurons plays a critical role in
the development of appropriate synaptic connectivityBecause there are examples of coregulation of class
I MHC and b2-m mRNAs in cultured neurons (e.g., in both in sensory systems and at the neuromuscular junc-
tion (Goodman and Shatz, 1993; Hall and Sanes, 1993;response to interferon g (IFN g); Joly and Oldstone, 1992;
Neumann et al., 1995), we examined whether b2-m Forrest etal., 1994; Li et al., 1994; Kutsuwada etal., 1996;
Iwasato et al., 1997). Moreover, it iswidely proposed thatmRNA also changed in the seizure paradigm. Nine hours
following seizure, no changes were detected in b2-m molecular mechanisms underlying activity-dependent
synaptic changes are conserved between developingmRNA (Figure 9), consistent with other observations in
vitro in which the two genes can be independently regu- and adult systems (Kandel and O'Dell, 1992; Bolshakov
and Siegelbaum, 1995; Martin and Kandel, 1996). Tolated (e.g., Neumann et al., 1997). The results of these
Activity-Regulated Class I MHC in the CNS
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subunit mRNAs in the LGN, such as those encoding
glutamate receptors, contrasts with the strong activity-
dependent regulation of nAChR subunit mRNAs in mus-
cle (Hall and Sanes, 1993). In addition, the immediate
early mRNAs encoding zif268 and Egr3, which are regu-
lated by activity in the hippocampus and visual system
later in development (Worley et al., 1990; Yamagata et
al., 1994a), appear not to be regulated by endogenous
activity in the prenatal LGN, although we cannot pre-
clude a modest level of regulation, owing to the some-
what low levels of the mRNAs detected. In addition, our
experiments do not address whether these genes are
regulated by mechanismsthat are independent of mRNA
abundance. Finally, since our initial intent was to focus
upon genes downstream of immediate-early events, our
screens utilized an extended (10 day) action potential
blockade. Such a long-term blockade, carried out in
Figure 9. Induction of Class I MHC mRNA in the Dentate Gyrus and the context of retinogeniculate segregation, may have
Neocortex by Kainic Acid±Induced Seizures consequences for gene expression that differ from those
Nine hours after a single subcutaneous injection of kainic acid, P50 of other previously employed paradigms designed to
rat brains were analyzed by in situ hybridization by using rat class monitor more immediate effects of changes in neural
I MHC (upper panels) or b2-m riboprobes (lower panels). Darkfield
activity on gene expression.photomicrographs at left show results from saline-injected controls;
It is worth noting that, although the differential displaythose at right show results from kainate-injected animals. These
screen resulted in the identification of clone C153, itcoronal sections are presented as mirror image pairs (dorsal is up-
ward; medial is toward center of figure). Arrow indicates the dentate also yielded a considerable number of clones that (upon
gyrus; arrowheads delineate somatosensory cortex and areas fur- further analysis) were not downregulated by action po-
ther lateral. Note the kainate-induced elevation of class I MHC ex- tential blockade (Figure 1B). Clearly, most mRNAs in the
pression in the dentate gyrus and superficial layers of cortex. Scale
developing LGN are not regulated by action potentialbar, 2 mm.
activity, in spite of the fact that both ganglion cells and
LGN neurons are driven to fire bursts of action potentials
test this hypothesis and to identify molecules required by the spontaneously generated retinal waves during
for activity-dependent synaptic rearrangements during this developmental period (Mooney et al., 1996). These
development of the visual system, we have screened invariant gene expression patterns are consistent with
for genes that are (1) expressed in the developing LGN previous observations that many other aspects of LGN
during eye-specific layer formation and (2) regulated by development appear normal during TTX treatment (Shatz
spontaneously occurring action potentials in the retino- and Stryker, 1988; Sretavan et al., 1988; Dalva et al.,
geniculate pathway. Surprisingly, class I MHC was iden- 1994). The results imply that many aspects of initial
tified in this screen, and we have discovered that class synapse formation in the LGN that require expression
I mRNA and immunoreactivity are present normally in of the synaptic components examined here are activity
subsets of neurons in vivo. In addition, b2-microglobulin, independent, consistent with the idea that it is the pre-
a cosubunit of class I MHC, and CD3z, a component of cise placement of synapses, rather than synapse forma-
a receptor complex for class I MHC, are also expressed tion per se, that requires neural activity (reviewed by
by CNS neurons. Class I MHC mRNA levels can be Goodman and Shatz, 1993; Katz and Shatz, 1996).
downregulated by blockade of spontaneously evoked
or visually driven activity in prenatal and postnatal LGN
and also upregulated by seizures in the mature hippo- Degree of Regulation of Class I MHC
by Electrical Activitycampus. Moreover, class I MHC mRNA levels are dy-
namically regulated during development both in the vi- Class I MHC was identified here based on a screen that
detected regulation of mRNA levels by the blockade ofsual system and in the hippocampus. Based on these
results, we hypothesize a function for class I MHC in neural activity during development. Can the 1.5-fold
level of regulation observed (Figure 3) have functionalneuronal signaling and activity-dependent synaptic plas-
ticity in the brain both during development and in the significance? Many precedents exist for the modulation
of synaptic plasticity by cell surface molecules whoseadult.
precise levels are critical for proper function. In Dro-
sophila, proper levels of the Vol gene (which encodesExpression of Many Synapse-Related Genes in
the Prenatal LGN Is Activity Independent an a integrin subunit expressed in mushroom bodies)
are critical for learning, since the reduction of Vol geneFollowing a 10 day period of action potential blockade
that prevents the structural remodeling of retinal gan- dosage by as little as 25% is sufficient to cause deficits
in short-term memory acquisition (Groteweil et al., 1998).glion cell axons into eye-specific layers in the LGN, there
was little if any change in the mRNA levels for 32 known In addition, it has been demonstrated directly, in studies
of synapse formation at the Drosophila neuromusculargenes (Figure 1), even among those previously shown
to be regulated by activity in the adult. For example, the junction, that small differences in presynaptically ex-
pressed levels of Fasciclin II can result in substantiallack of activity regulation of ligand-gated ion channel
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changes in synaptic architecture and physiology (Davis dissociated and placed in culture, class I MHC mRNA
and protein can be induced by the addition of IFN g andet al., 1996; Schuster et al., 1996a, 1996b). Furthermore,
modest changes in the amount and pattern of action by electrically silencing the neurons with TTX. Because
class I MHC expression by neurons in this model ispotential activity can cause correspondingly moderate
changes (z30%±50%) in the amount of L1 and N-cad- viewed as pathological and injury induced, a role has
been hypothesized for class I in immune surveillanceherin protein expression by cultured dorsal rootganglion
neurons; these changes in expression have been impli- of functionally impaired neurons; inactive neurons are
proposed to be targeted for removal by cells of thecated in alterations in cell adhesion and neurite fascicu-
lation (Itoh et al., 1997). In this context, it is not surprising immune system as a result of class I cell surface expres-
sion (Neumann et al., 1995, 1997).that we observed modest changes in class I MHC mes-
sage, since our screen in the visual system simply in- In contrast, the results of our study imply a role for
class I MHC in the normal functioning of neurons andvolved the removal of normal activity levels, which are
rather modest and consist of brief bursts of action po- motivate a fresh look at class I MHC in neural±immune
interactions. Contrary to results in vitro, one of the majortentials (z40 Hz, lasting a few seconds) that occur at
intervals of 1±2 min (Meister et al., 1991; Mooney et al., findings of this study is that activity blockade with TTX
decreases (rather than increases) class I expression in1996). Therefore, the degree of modulation of class I
expression seen in our study is entirely consistent with the LGN, while increasing activity with kainic acid leads
to an increase in class I expression in hippocampus.the proposal that class I MHC functions to mediate
structural changes at synapses. These observations have several important implications
for the functional significance of class I MHC expression
by neurons in vivo. First, class I mRNA levels can beClass I MHC Expression in Neurons
viewed as a measure or readout of the level of activityThe brain is considered an immunoprivileged structure
of neurons. Second, neurons that are damaged or other-in which normal immune functions appear to be re-
wise removed from functioning circuits would be ex-stricted or attenuated (Lampson, 1987). Our finding of
pected to express lower levels of class I than normal,class I MHC mRNA and protein in normal neurons con-
and this could have an important adaptive value in pro-trasts with a large majority of studies indicating that
tecting (rather than targeting) injured neurons from im-there is little or no class I MHC expression by CNS
mune destruction. Third, the fact that class I is normallyneurons in vivo (Lampson, 1995). Several considerations
expressed by selected sets of neurons in the adult brainaccount for our novel observations and reconcile the
implies that these neurons may become unfortunateresults with previous reports: (1) class I MHC is ex-
targets for destruction by cells of the immune systempressed only in specific subsets of neurons at specific
in instances where the blood±brain barrier has beentimes in the developing and mature CNS, (2) class I MHC
compromised, as in paraneoplastic neurologic disor-protein may be present in neurons at considerably lower
ders (Darnell, 1996). Finally, class I MHC may contributelevels than in cell types in other areas of the body,
to progressive damage of hippocampal neurons thatand (3) we used highly sensitive diaminobenzidine (DAB)
occurs with chronic epilepsy (reviewed by Wasterlainimmunostaining techniques that were not used in many
and Shirasaka, 1994; Bittigau and Ikonomidou, 1997).of the previous studies. Moreover, a few previous re-
As demonstrated here, seizures can increase class Iports do document neuronal class I MHC expression in
MHC mRNA expression, which in turn may make ex-the intact brain (e.g., Gervais, 1968, 1970; Wong et al.,
pressing neurons progressively more susceptible to de-1984). In the original characterization of the OX-18 anti-
struction by invading cells of the immune system. Al-body, a small butsignificant amount of immunoreactivity
though these ideas are at present hypothetical, ourwas reported in the adult rat brain (Fukumoto et al.,
findings provide a basis for future experiments to reeval-1982). Class I MHC expression in the CNS has been
uate the role of class I MHC in neural±immune pathol-observed in the context of expression in nonneuronal
ogies.cells both normally (e.g., white matter in Figure 8A; Xu
and Ling, 1994) and in response to CNS insult (Streit et
al., 1989; Yee et al., 1990; Rao and Lund, 1993; Lampson, A Model for Neuronal Class I MHC Function
1995). Since injury-induced glial class I MHC expression in Synaptic Plasticity
may be much higher than normal levels of neuronal ex- The time course and pattern of expression of class I
pression, it is quite likely that neuronal MHC immunore- MHC overlap strikingly with times and regions of known
activity escaped detection. Because of these considera- synaptic remodeling and plasticity. The peak period of
tions, it is not surprising that a role for class I MHC expression of class I MHC mRNA in the LGN coincides
in normal neural development or adult CNS synaptic with the period of most extensive retinal ganglion cell
function has not been considered previously. axon arbor growth and remodeling (Sretavan and Shatz,
1986a): during the prenatal formation of the eye-specific
layers (Shatz, 1983; Sretavan and Shatz, 1986b) andNeuronal Class I MHC in Immunosurveillance
and Pathology of the CNS during the early postnatal period when ON and OFF
center retinal ganglion cell axons are known to be sus-Previous studies have shown that cell surface class I
MHC protein can be induced on dissociated neurons ceptible to activity blockade (Dubin et al., 1986). Follow-
ing this period, there is ongoing but modest remodelingmaintained in vitro (e.g., Wong et al., 1984; Kaltschmidt
et al., 1995). Notably, when embryonic hippocampal of X and Y retinal ganglion cell axon arbors (Sur et al.,
1984); during this time, class I MHC expression persists,neurons that do not normally express class I MHC are
Activity-Regulated Class I MHC in the CNS
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but at much lower levels. Similarly, class I MHC expres- mice expressing class IMHC driven by a neuron-specific
promoter suggest that neurons have the capacity tosion in layer 4 neurons of the visual cortex increases
progressively during the period in which their presynap- present class I MHC±associated peptide signals to a
responsive target cell in vivo (Rall et al., 1995). Moreover,tic inputs, the LGN axons corresponding to inputs from
the two eyes, segregate from each other to form ocular it is worth noting that upon T cell activation, CD3z is
phosphorylated by Fyn, a tyrosine kinase that has beendominance columns in layer 4 (LeVay et al., 1978; Katz
and Shatz, 1996). Thus, in both the retinogeniculate and shown to be required for NCAM-dependent neurite out-
growth in vitro (Beggs et al., 1994) and which is impli-geniculocortical pathways, class I MHC is expressed at
high levels in neurons that are situated postsynaptic to cated in certain forms of hippocampal LTP (Grant et al.,
1992; Kojima et al., 1997).axons in the final stages of activity-dependent synaptic
remodeling and terminal arbor stabilization. Finally, Together with previous studies, the results reported
here implicate members of the Ig superfamily as strongclass I MHC is expressed at low levels in the prenatal
hippocampus but is subsequently expressed at high candidates for mediating synaptic change. Besides Fas-
ciclin II and L1 (discussed above), ApCAM has also beenlevels in the mature hippocampal neurons, where adult
forms of activity-dependent plasticity, such as long- identified in the context of long-term synaptic plasticity
in Aplysia (Mayford et al., 1992). Moreover, studies haveterm potentiation (LTP) and long-term depression (LTD),
are known to be present (Malenka, 1994; Crair and Ma- demonstrated that blocking or altering the function of
adhesion molecules, such as NCAM and L1, can inhibitlenka, 1995; Kirkwood and Bear, 1995).
Previous studies have shown that the blockade of hippocampal LTP (LuÈ thi et al., 1994; Muller et al., 1996)
or alter the normal formation of motor nerve branchesaction potential activity with TTX or synaptic transmis-
sion with NMDA receptor blockers prevents the normal (Landmesser et al., 1990; Tang et al., 1992; reviewed by
Martin and Kandel, 1996). Class I MHC may representprocess whereby appropriate connections are selected
and stabilized and inappropriate ones are eliminated a special member of this group of Ig superfamily mole-
cules important for activity-dependent structural re-(Schmidt and Edwards, 1983; Sretavan et al., 1988; Cline
and Constantine-Paton, 1990; Cline, 1991). While we modeling and synapse stabilization. In the future, it will
be essential to identify the signal cascades and cy-cannot at present account for all aspects of the expres-
sion patterns observed, the current results for class I toskeletal consequences that result from neuronal class
I MHC±mediated interactions in the CNS and also toMHC are most consistent with a postsynaptic role for
class I in stabilizing appropriate synaptic contacts. Such learn whether the tremendous diversity among class I
MHC molecules participates in generating and main-a role (as a kind of ªsynaptic glueº) would explain why
prenatal activity blockade in the LGN prevents the nor- taining precise neuronal connectivity.
mal process whereby eye-specific layers are formed
Experimental Procedures(Shatz and Stryker, 1988; Sretavan et al., 1988). As a
consequence of reduced class I MHC levels, axons
Animal Manipulations and Tissue Isolationwould continue to grow branches nonselectively, owing
All surgical procedures were approved by the University of Califor-
to an inability to form stable synapses. In this context, nia, Berkeley Animal Care and Use Committee. Cesarian sections
activity regulation of class I MHC would play an impor- on timed-pregnant cats were performed under general anesthesia
(isoflurane) using aseptic technique (Shatz, 1983). Fetuses weretant role in modulating this synapse-stabilizing process.
implanted with an osmotic minipump (Alza 2002, 0.5 ml/hr) at E42Obviously, it will be essential to demonstrate that class
(Shatz and Stryker, 1988; Campbell et al., 1997). Minipumps con-I MHC protein is located at synaptic sites for this model
tained either vehicle alone (1.9 mM sodium citrate in 0.9% sodiumto be tenable.
chloride [pH 4.8]) or vehicle containing TTX (300 mm; CalBiochem).
How might class I MHC transmit signals between neu- To achieve continuous intracranial infusion, silastic tubing con-
rons? One possibility is that it interacts with novel mole- nected to the minipump was inserted into the lateral ventricle of the
frontal lobe. Fetuses were removed at E52. For RNA extraction,cules related specifically to neuronal signaling. Alterna-
tissue was dissected under ice-cold saline, flash frozen in liquidtively, it may act through signaling mechanisms similar
nitrogen, and stored at 2808C. For in situ hybridization, the brainto those used in immune function in the rest of the body.
was removed, embedded in OCT (Sakura Finetek), flash frozen,In a well-characterized example of class I MHC function
and stored at 2808C. Tissue for normal development studies was
in the mature immune system, T lymphocytes continu- obtained either as above or, for postnatal animals, by overdose
ously monitor for the presence of foreign antigens (in the with intraperitoneal euthanasia solution (sodium pentobarbital, 88
form of cell surface, peptide-associated class I MHC). mg/kg).
For intraocular injections of TTX postnatally, anesthesia was in-Under the appropriate circumstances, recognition of
duced and maintained by isoflurane/O2 via mask. Topical ophthainesuch antigens by the CD3z-containing T cell receptor
(Choice Medical Supplies) was applied to the eye in preparation forcomplex results in lymphocyte activation (reviewed by
injection. A sterile solution of TTX was injected over a period of 1±2
Chan et al., 1994). In the geniculocortical pathway during min into the posterior chamber of the right eye using a 30 gauge
ocular dominance column formation, class I MHC and needle attached to a 10 ml Hamilton Syringe via silastic tubing.
b2-m are present in layer 4 neurons, and CD3z is ex- After the eye injection was complete, the kitten was recovered from
anesthesia under observation. Monocular activity blockade waspressed by LGN neurons. These observations, together
maintained from P38±P48 (4 ml of 3 mM TTX in the right eye on P38,with immunostaining results indicating that class I MHC
P40, P42, P44, and P46). Tissue was obtained for insitu hybridizationis present in cortical dendrites, permit a model in which
as described above.
postsynaptically located, b2-m±associated class I MHC
is positioned to transmit retrograde signals to presynap- Differential mRNA Display
tic CD3z-containing receptors. Such signals could be Total RNA was extracted from E52 LGN (Ausubel et al., 1992). Clone
C153 was identified by differential mRNA display (Liang and Pardee,peptide dependent, since experiments using transgenic
Neuron
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1992) that compared TTX- and citrate-treated E52 cat LGN total was synthesized from P81 Long-Evans rat spleen. The PCR primers
used for amplification of cat sequences were as follows: for A1±2,RNA by using RNAmap and RNAImage kits (Genhunter). Ninety-six
primer pairs were used to generate ninety reproducible differential 59-CAGTT CGTGC GGTTC GAC-39 and 59-ACTTG CGGCC TGTGA
TCT-39; for A2±3, 59-CTCGC CAAAT ACCTG GACAT-39 and 59-GCACAbands from duplicate or triplicate comparisons; these were reampli-
fied and cloned into pCRII (Invitrogen). TGGCA CGTGT ATCTC-39; for TM-A and TM-BX, 59-GGAGA GGAGC
AGAGA TACAC G-39 and 59-CTTCT TCCTC CAGAT CACAG C-39;
for b2-m, 59-TTTCA GCAAG GACTG GTCT-39 and 59-TGTCT CGATCMultiplex Dot Blot Analysis of Known Genes
CCACT TAACT A-39; for GAPDH, 59-AATGA CCCCT TCATT GACCTand Differential Display Clones
C-39 and 59-GTGAT GGCAT GGACT GTGG-39; and for CD3z,Known cDNAclones used for multiplex dot blot analysis were gener-
59-CTGGA TGGRA TCCTC TTCAT CT-39 and 59-CTGTT AGCGAous gifts from a number of laboratories. References are as follows:
GGGGG CAG-39. Feline class I MHC probe coordinates are de-nAChR a2 (Wada et al., 1988), nAChR a3(Boulter etal., 1986), nAChR
scribed in Figure 2A. The TM-A and TM-BX clones differ by eighta7 (Seguela et al., 1993), nAChR b2 (Deneris et al., 1988), GluR1
nucleotides in 171 bases (Yuhki and O'Brien, 1990, 1994). The b2-m(Hollmann et al., 1990), GluR2 and GluR3 (Boulter et al., 1990), GluR5
clone is 79% identical (260 of 331 nucleotides) to residues 30±360(Bettler et al., 1990), GluR6 (Egebjerg et al., 1991), GluR7 (Bettler et
of GenBank entry X69083 (equine b2-m). Primers used for amplifica-al., 1992), NMDAR1-1a (Hollmann et al., 1993), NMDAR2A (Monyer
tion of rat sequences were identical to those previously publishedet al., 1992), NMDAR2B (Monyer et al., 1992), NMDAR2C (GenBank
(Neumann et al., 1995). PCR products were sized, cloned into pCRIIaccession number U08259), NMDAR2D (GenBank accession num-
(Invitrogen) or pBluescriptII (Stratagene), and partially sequencedber U08260), KA1 (GenBank accession number U08257), KA2 (Gen-
to verify their identity.Bank accession number U08258), GluR d1 (GenBank accession
number U08255), GluR d2 (GenBank accession number U08256),
In Situ Hybridizationrabphilin-3A (Shirataki et al., 1993), agrin (Campanelli et al., 1991),
In situ hybridization was performed as described (Simmons et al.,n-Sec1 (Pevsner et al., 1994), synaptotagmin 1 (Perin et al., 1990),
1989). Cryostat sections (12 mm) were cut, air dried, fixed for 30 minsyntaxin 1a (Bennett et al., 1992), syntaxin 1b (Bennett et al., 1992),
in sodium phosphate±buffered 4% paraformaldehyde, dehydratedVAMP1 (Elferink et al., 1989), VAMP2 (Elferink et al., 1989), SNAP-
with ethanol, and stored at 2808C. Sections were thawed, perme-25 (Oyler et al., 1989), GAP-43 (Basi et al., 1987), RZR-b (Becker-
abilized by proteinase K treatment, acetylated, dehydrated with eth-Andre et al., 1993; M. Levin and S. McConnell, unpublished data),
anol, and hybridized at 578C for 12±15 hr with a riboprobe labeledEgr3 (Yamagata et al., 1994a), and zif268 (Christy et al., 1988). Fur-
with [a-35S]UTP (1250 Ci/mmol, New England Nuclear). The sectionsther details regarding the clone fragments used are available on
were then incubated with 50 mg/ml RNase A for 30 min at 378C andrequest.
washed with a series of SSC solutions; the highest stringency washGel-purified cDNA fragments were dot blotted in duplicate (100±
was 0.1 3 SSC, 608C for 30 min. After exposure to Kodak XAR-5200 ng per dot) onto Hybond N nylon filters as recommended by
filmat room temperature, sections were coated with NTB-2 emulsionthe manufacturer (Amersham). Each blot was prehybridized for 2±3
and developed after 1±3 weeks. For all samples, sense controlshr at 558C (for known gene cDNAs) or 608C (for differential display
were run in parallel and found to yield only background levels ofclones) in hybridization buffer (sodium phosphate [pH 7.2] [0.5 M
silver grains. For comparisons of activity-manipulated and controlNa1], 7% SDS, 5X Denhardts, 1 mM EDTA, and 100 mg/ml sheared
brains, sections were placed on the same slide and processed iden-single-stranded salmon sperm DNA). Hybridizations with radiola-
tically. For developmental studies, sections from all ages were pro-beled cDNA probes (107 cpm/ml; see below) were carried out in the
cessed simultaneously.same buffer and temperature for 48 hr. Membranes were washed
at this temperature in 40 mM sodium phosphate (pH 7.2), 5% SDS,
5 3 Denhardts, and 1 mM EDTA (3 3 10 min), followed by 25 mM Ribonuclease Protection Analysis
sodium phosphate (pH 7.2), 1% SDS, and 1 mM EDTA (2 3 20 min). Total RNA samples (0.2±0.3 mg) were adjusted to 5 mg with yeast
Quantitation was carried out with a Molecular Dynamics Phos- tRNA and subjected to RNase protection analysis with [a-32]UTP-
phorImager. labeled riboprobes (z5 3 106 dpm/mg for GAPDH, 1 3 109 dpm/mg
Complex cDNA probes were oligo dT-primed first-strand cDNA for all others) as described (Ausubel et al., 1992), with the following
synthesized from TTX or control vehicle-treated E52 LGN total RNA modifications. Hybridizations were in 25 ml at 378C overnight. RNase
(3±5 mg per 20 ml reaction) by using a Superscript Preamplification digestion (18 mg/ml RNase A) was in a total volume of 250 ml as
kit (Gibco-BRL). Reactions contained 100 mCi [a-32P]dCTP (3000 Ci/ follows: for C153, 1 hr at 158C, using 225 ml 50 mM Tris-HCl (pH
mmol) and 120 pmol unlabeled dCTP, yielding specific activities of 7.5) and 500 mM NaCl; for TM-A and TM-BX, 45 min at 378C (for
z109 dpm/mg. TM-A) or 558C (for TM-BX), using 10 mM Tris-HCl (pH 7.5), 300 mM
This dot blot method was chosen to maximize the number of NaCl, and 5 mM EDTA. Subsequent processing steps were carried
cDNA candidates screened using only small amounts of starting out as described (Ausubel et al., 1992), with appropriately scaled
tissue. Although economical, this technique has limitations, in that down volumes. Samples were run on 6% denaturing polyacrylamide
each gene tested cannot be optimized for sensitivity. Nevertheless, gels. Quantitation was performed by PhosphorImager analysis.
signal was detectable for almost all of the clones tested (Figure 1).
Since many of the known cDNAs used in this study were nonfeline, Immunocytochemistry
hybridization conditions were therefore selected to allow cross- Two independently derived monoclonal antibodies known to recog-
species hybridization. Northern blot analyses of a few selected nize overlapping subsets of rat class I MHC antigens were used
known genes yielded results that were similar to those obtained by (Spencer and Fabre, 1987a): OX-18 (Fukumoto et al., 1982; Serotec
dot blot analysis under these conditions. In addition, in reconstruc- number MCA51G) and F16±4±4 (Hart and Fabre, 1981; Spencer and
tion experiments, cDNA probes were synthesized from total cat Fabre, 1987b; Serotec number MCA94). After overdose by intraperi-
brain RNAthat was spiked with varying amounts of a control poly(A)- toneal injection of sodium pentobarbital, rats of the indicated ages
tailed bacterial RNA sequence (Gibco-BRL); using these probes, we were perfused transcardially with Ringers' solution, followed by
determined that this dot blot analysis was capable of specifically freshly prepared periodate-lysine-paraformaldehyde fixative (McLean
detecting target transcripts when present at 0.00001% of total RNA. and Nakane, 1974; Xu and Ling, 1994). Brains were dissected and
postfixed in the same fixative for 2 hr at room temperature and then
cryoprotected with 10% sucrose in PBS (0.1 M sodium phosphatePCR Cloning
The cloning of feline class I MHC probes (A1±2, A2±3, TM-A, TM- buffer, 0.9% NaCl [pH 7.4]) overnight at 48C. Coronal sections were
cut at 40 mm with a freezing microtome, washed in PBS, blockedBX), feline b2-m, feline glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH), feline CD3z, rat class I MHC, and rat b2-m was in PBS containing 10% horse serum (Gibco-BRL) and 5% rat serum,
and incubated overnight at room temperature in PBS containingcarried out by PCR, using oligo dT-primed cDNA generated with
the Superscript Preamplification kit (Gibco-BRL). For feline clones, 10 mg/ml primary antibody. The following morning, sections were
washed in blocking solution (3 3 10 min), incubated for 30 mincDNA was synthesized from cat E52 LGN total RNA (MHC probes)
or adult cat spleen RNA (b2-m, GAPDH, CD3z). For rat clones, cDNA with biotinylated secondary antibody (Vector #BA-2001) at 5 mg/ml,
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washed in PBS (3 3 10 min), incubated for 30 min with avidin-HRP Correspondence and requests for material should be addressed to
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